Objective: The behavioral binaural masking level difference (BMLD) is believed to reflect brain stem processing. However, this conflicts with transient auditory evoked potential research that indicates the auditory brain stem and middle latency responses do not demonstrate the BMLD. The objective of the present study is to investigate the brain stem and cortical mechanisms underlying the BMLD in humans using the brain stem and cortical auditory steady-state responses (ASSRs). responses, and that they may reflect the output of neural populations that previous research has shown to be insensitive to binaural differences in noise.
different neural sources than the transient N1-P2 responses, and that they may reflect the output of neural populations that previous research has shown to be insensitive to binaural differences in noise. (Ear & Hearing 2004; 25; 57-67) The binaural masking level difference (BMLD) is a psychoacoustic phenomenon that demonstrates how we benefit from using both ears instead of one when detecting signals in noise, especially when they are presented with an interaural phase or level difference. In the classic BMLD experiment, the threshold of a signal in noise is determined by presenting the signal (S) and noise (N) to one ear first, i.e., monaurally, which serves as the reference condition (S m N m , monotic condition) (Hirsh, 1948; Jeffress, Blodgett, & Deatherage, 1952) . The configurations (e.g., phase, intensity, duration, bandwidth, modulation, etc.) of the signal and/or noise are then manipulated at the two ears in various conditions and the masked threshold of the signal determined in each condition. The reduction (i.e., improvement) in the masked signal threshold in the various manipulated interaural conditions compared with that in the reference monaural case is referred to as the BMLD.
The masked threshold of a signal is the same in the monotic condition (S m N m ) as it is in the diotic condition (S o N o , i.e., when the signal and noise are presented in phase binaurally) (Sever & Small, 1979) , thus either the monotic or the diotic condition may be used as the reference condition to calculate the BMLD. A larger BMLD is obtained for low signal frequencies (McFadden & Pasanen, 1974) , and when the polarity of either the signal or the masker is inverted (i.e., 180°out-of-phase) in one ear relative to the other in the dichotic conditions (SN o and S o N) (Colburn & Durlach, 1965; Hirsh, 1948; Jeffress et al., 1952) . The value of the BMLD increases with increasing signal interaural level difference (Colburn & Durlach, 1965) , with increasing masker intensity level (Durrant, Nozza, Hyre, & Sabo, 1984; Hirsh, 1948; McFadden, 1968) , and/or with a morenarrow masker bandwidth (Bourbon & Jeffress, 1965; Wightman, 1970) . A high degree of masker modulation may also facilitate the detection of signal in the SN o condition (Hall, Grose, & Hartmann, 1998) . The BMLD can be observed for other stimuli in addition to pure tones, such as complex tones, clicks, and speech sounds (Moore, 1997, p. 237) .
The differences of detectability of the various BMLD conditions are believed to be related to the fact that our auditory system is capable of making use of binaural cues to detect signals in noise, mainly the interaural temporal difference cues for low-frequency signals (Moore, 1997, pp. 237-238; Yost, 1994, pp. 123-125) . Jeffress (1948) proposed a model to account for our ability to localize lowfrequency sounds by using interaural time differences. In Jeffress' model, there is a network of neurons, known as "coincidence detectors," at the level of the midbrain that fire only when the inputs from the two ears reach the same neuron at the same time. A specific coincidence neuron will respond highest to inputs with a specific interaural time delay. Jeffress' model has been extended to account for the phenomenon of the BMLD by means of a cross-correlation model (e.g., Colburn,1973 Colburn, , 1977 Stern & Trahiotis, 1995) .
Auditory input from both ears reaches the superior olivary complexes both ipsilaterally and contralaterally, thus it is reasonable to suggest that the BMLD is generated at this brain stem level (Moore, 1991) . Past research on single cells in chinchilla (Mandava, Rupert, & Moushegian, 1996) and guinea pigs (Caird, Palmer, & Rees, 1991; Jiang, McAlpine, & Palmer, 1997a , 1997b Palmer, Jiang, & McAlpine,1999 , 2000 and studies in humans with central auditory processing disorders (Ferguson, Cook, Hall, Grose, & Pillsbury, 1998; Gravel, Wallace, Ruben, 1996; Hannley, Jerger, Rivera, 1983; Noffsinger, Martinez, & Schaefer, 1982) suggest that the BMLD reflects processing at the level of the brain stem. However, BMLD studies of transient auditory evoked potentials in humans do not support this conclusion. The BMLD is only obtained for the slow cortical auditory evoked potentials (waves N1-P2) and not for the auditory brain stem response (ABR) or the middle latency response (MLR) (Fowler & Mikami, 1992a , 1992b Kevanishvili & Lagidze, 1987) . These studies may be support the suggestion that the BMLD is generated at the cortical level and not the brain stem or thalamus level (Fowler & Mikami, 1992a , 1992b Kevanishvili & Lagidze, 1987) . Nevertheless, the brain stem and thalamus would be essential in maintaining and transmitting phase synchrony to higher levels of the auditory system (Fowler & Mikami, 1995) . However, it is also possible that the BMLD is generated at the brain stem level but is only manifested in the evoked potentials generated above this level. This would explain why the ABR does not show the BMLD, but it does not explain the lack of a BMLD with the MLR. Another possibility is that the ABR and/or MLR do not reflect the output of the neurons involved in the BMLD process. For example, the ABR and MLR may reflect the neural pathways from the cochlear nuclei to the inferior colliculus that bypass the superior olivary complex.
In recent years, auditory steady-state responses (ASSRs) have received considerable attention in evoked potential audiometry (Herdman & Stapells, 2001 , 2003 John, Lins, Boucher, & Picton, 1998; Lins et al., 1996; Picton, 1990; Picton et al., 1998; Rance, Dowell, Rickards, Beer, & Clark, 1998; Suzuki, 2000; Tachisawa, 1997; Umegaki, 1995) . ASSRs are generated by a sufficiently fast stimulus rate such that the transient response to one stimulus overlaps the response to succeeding stimuli in the time domain (Picton, 1990) . Regan (1989, p. 35) defined an idealized steady-state evoked potential as a response EP whose constituent discrete frequency components remain constant in amplitude and phase over an infinitely long period of time. The frequency spectrum of the steady-state evoked potential is concentrated into a discrete response centered on the repetition rate of the stimulus when the stimulus is presented above threshold Picton, Skinner, Champagne, Kellett, & Maiste, 1987; Rickards & Clark, 1984; Stapells, Linden, Suffield, Hamel, & Picton, 1984) . The ASSR technique appears to be a promising method to predict the hearing thresholds of normal-hearing and hearing-impaired listeners (Herdman & Stapells, 2001 , 2003 Lins et al., 1996; Picton et al., 1998; Rance et al., 1998) . Moreover, the analysis of the ASSR is automatically generated and does not require subjective judgment of the presence of waves.
Data from the calculation of apparent latencies of the ASSRs (Rickards & Clark, 1984; Ross, Borgmann, Draganova, Roberts, & Pantev, 2000) , studies of ASSR sources in animals (cat: Suzuki, 2000; rabbit: Kuwada, Anderson, Batra, Fitzpatrick, Teissier, & D'Angelo, 2002) and humans (Herdman, Lins, Van Roon, Stapells, Scherg, & Picton, 2002) , the differential amplitude modulation sensitivity along the auditory pathway (Palmer, 1995; Schreiner & Urbas, 1986) , and magnetic and electrical source analysis studies (Ross et al., 2000) all have suggested that ASSRs to amplitude-modulated (AM) tones modulated at 80 Hz reflect sources primarily in the brain stem auditory pathways, ASSRs to 40-Hz AM tones reflect sources in brain stem, tha-
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EAR & HEARING / FEBRUARY 2004 lamic and cortical levels, and ASSRs to AM tones modulated at less than 20 Hz primarily reflect auditory cortical processes. Although the transient and steady-state EPs are alternative formulations that describe the response of a linear system, they may give different information for the auditory pathways and processing mechanisms, which behave nonlinearly (Regan, 1989, pp. 34 -43) . Thus, due to the nonlinearity of the human auditory system, ASSRs may reflect aspects of the mechanisms underlying the BMLD that were not revealed by studies with the transient evoked potentials. To date, the phenomenon of the BMLD has not been systematically studied with the ASSRs. In the present study, we recorded the ASSRs to derive the electrophysiologic BMLD. A 500-Hz signal 100% amplitude modulated at 80 Hz and 7 (or 13) Hz was used to elicit the brain stem and cortical ASSRs. The purpose of our study was to investigate the brain stem and cortical mechanisms underlying the BMLD in humans.
METHODS

Subjects
Eleven adult subjects (five men, six women; mean age: 25.5 yr) participated in this study. All subjects had normal hearing thresholds (Յ20 dB HL, re: ANSI, 1996) for each ear for 500, 1000, 2000, and 4000 Hz. Normal middle-ear admittance and present acoustic reflexes at 500 and 1000 Hz for all subjects were confirmed by means of immittance measures.
Stimuli, Maskers, and Conditions
Stimuli • The signals were sinusoidal tones with a carrier frequency of 500 Hz and 100% amplitude modulated either at 6.836 (or 12.695) Hz and at 80.078 Hz (nominally: "7, " "13, " or "80" Hz) . The modulation frequencies (MFs) of the signal were chosen so that each EEG recording sweep contained an exact integer number of carrier frequency and MF cycles. The AM tones were generated by the MASTER system (Multiple Auditory Steady-State Evoked Response) (John et al., 1998) . Depending on a subjects' individual EEG alpha rhythm, typically around 10 Hz (Regan, 1989, p. 37) , either the 7-or the 13-Hz AM tone was used to avoid interference between the individual's alpha activity and the ASSR. The intensity of all AM tones was kept constant at 60 dB SPL throughout the experiment. Acoustic calibration of the signal was checked daily. Masker • The masker was a 200-Hz-wide noise centered at 500 Hz. The masker was produced by generating a broadband Gaussian noise (Tucker Davis Technologies WG1), which was high-pass filtered (400 Hz; 115 dB/octave attenuation slope) and then low-pass filtered (600 Hz; 115 dB/octave attenuation slope, Standard Research Systems SR650). This band-passed noise was then further band-pass filtered (400 to 600 Hz; 115 dB/octave attenuation slope, Tucker Davis Technologies PF1). A relatively narrow bandwidth of noise was used because past research has shown that narrow masker bandwidths produce larger BMLDs, both behaviorally (Bourbon & Jeffress, 1965; Wightman, 1970) and electrophysiologically (Fowler & Mikami, 1992b) .
During threshold determination, the noise intensity was adjusted by an attenuator (Tucker Davis Technologies PA4) to mask the signal. The noise intensity 2 dB below the level required to just mask the signal was used as a representation of the signal threshold, which was used later to calculate the BMLD. Acoustic calibration of the masker was checked daily. Conditions • Four signal-masker conditions-S o , S o N o , SN o , and S o N-were investigated for each of the two MFs. S o is the diotic condition in which only the signal is presented, and the signal is presented to both ears in-phase interaurally. S o N o is the diotic condition in which both the signal and the noise are presented to both ears in-phase interaurally. S o N o serves as the reference condition. SN o is a dichotic condition in which the signal is 180°o ut-of-phase in one ear and the noise is in-phase interaurally. Finally, S o N is a dichotic condition in which the signal is in-phase interaurally and the noise is 180°out-of-phase in one ear. The polarity inversion of the stimuli and masker was accomplished by using the Tucker Davis Technologies SM3 module. The four signal-noise conditions were presented using ER-3A insert earphones.
Electroencephalogram (EEG) Recording
Three recording electrodes were placed on a subject's forehead (ground), the left earlobe (inverting), and the vertex (non-inverting). Inter-electrode impedance was kept at or below 3 kOhms throughout the experiment.
For the cortical ASSR to the 7 (or 13)-Hz AM stimuli, the EEG was filtered between 1 and 30 Hz (12 dB/octave slope) and amplified with a gain of 40,000. Artifact rejection level was set at Ϯ100 V. For the brain stem ASSR to the 80-Hz AM stimuli, the EEG was filtered between 30 and 250 Hz (12 dB/octave slope) and amplified with a gain of 80,000. The artifact rejection level was set at Ϯ40 V. The EEG was recorded and averaged using a sweep consisting of 16 sections (Lins et al., 1996; . The window of each section was 1.02 sec.
The duration of each averaged EEG sweep was thus 16.38 sec. The MF of the stimulus were adjusted so that each EEG recording sweep contained an exact integer number of carrier frequency and MF cycles (John et al., 1998; Lins et al., 1996; Picton et al., 1998) . When above threshold, a significant response (see below) was usually obtained after averaging 24 to 48 EEG sweeps (previously determined in a pilot study). The amplification of the recording system (EEG and MASTER system) was calibrated daily.
ASSR Analysis
Fourier analysis was used to analyze the ASSRs: online Fast Fourier Transform (FFT) evaluated the ASSRs, as described by John and colleagues (1998) . ASSR amplitude and phase were quantified and the degree of significance of the response was determined online by an analysis of the variance (Fstatistic) of the FFT (Lins et al., 1996) . The averaged response amplitude at the MF was compared with the noise amplitude at frequencies adjacent to the MF. The signal-to-noise F-ratio was computed between the response amplitude at the MF and the averaged amplitude in 120 neighboring frequency bins (60 above and 60 below the AM frequency), extending about 5 Hz on either side of the MF. The F-ratio (expressed as a p-value) of the averaged waveforms after every sweep was analyzed by the MASTER system in a cumulative manner (John et al., 1998) . The significance of this F-ratio was evaluated against critical values for F at 2 and 240 degrees of freedom (Lins et al., 1996) . The criteria for a "present response" was set at p Ͻ 0.01, which was required to be maintained for at least four consecutive sweeps. Criteria for "no response" were set at p Ն 0.30 and/or if the response amplitude was smaller than the EEG noise after completing 48 sweeps.
Procedure
Subjects participated in two sessions for this study, with each session lasting about 2 to 3 hr. Before the first session, immittance measurement and hearing screening were administered to each subject to ensure normal hearing thresholds and normal middle-ear function. Behavioral and ASSR masked thresholds of each of the two AM tones were determined for the reference condition (S o N o ) and the two dichotic conditions (SN o and S o N). Thresholds of a total of 12 conditions were thus determined for each subject. In contrast with earlier BMLD studies, the current study kept signal level constant and adjusted masker level. This was done because stimulus thresholds likely differ between behavioral versus ASSR measures and between slow (7 to 13 Hz) and fast (80 Hz) AM rates. Behavioral masked thresholds were obtained first in the first session of the experiment. For both the behavioral and ASSR procedures, the test order of the two AM tones (i.e., 7 or 13 Hz versus 80 Hz) was randomly determined. In both procedures, however, the signal-only diotic condition (S o ) was always presented first before the other three signal-masker conditions (the presentation order of the latter three was randomized). The S o condition was carried out first to ensure present responses and to determine whether cortical ASSRs were contaminated by the subject's EEG alpha activity. Behavioral BMLD • Subjects were seated in a double-walled sound attenuating room and asked to press a button as long as they heard the AM tone through the ER-3A earphones. The signal-only diotic condition (S o ) at 60 dB SPL for the first AM rate was presented to the subjects first so that they would become familiar with the signal. The first randomized signal-masker condition was then presented. The signal was kept at 60 dB SPL for all signal-masker conditions. The masker level was attenuated by the 4-dB-down/2-dB-up staircase procedure until the signal was just masked by the masker in two attempts out of three. Two dB below this masker level was set as the threshold of the AM tone in this signal-masker condition. Thresholds in the other two randomized signal-masker conditions were determined in the same way. After the thresholds of the reference condition and the two dichotic conditions were determined for the first AM rate, the same threshold determination procedures were carried-out for the other AM rate. ASSR BMLD • ASSR thresholds were determined after the behavioral thresholds were obtained. Subjects were seated in a reclining chair in the doublewalled sound attenuating room. In the first session of the experiment, each subject was presented with a 7-Hz AM signal (S o ) and ASSRs recorded. If a response was "present" and not interfered by the subject's alpha activity, the 7-Hz AM tone was used to evoke the subject's cortical ASSRs for the ASSR recording of the experiment. If "no response" was evoked by the 7-Hz AM signal, the 13-Hz AM signal was attempted. All subjects produced responses to either the 7-Hz (N ϭ 6) or 13-Hz (N ϭ 5) AM signal, as well as to the 80-Hz AM signal. The order of recording of the 7-or the 13-Hz (cortical) and 80-Hz (brain stem) ASSRs was then randomized. Similar to the behavioral testing, the order of presentation of the three signal-masker conditions (i.e., S o N o , SN o , and S o N) was randomized for the ASSR recording.
During the 7 (or 13)-Hz AM stimuli recording, subjects either read or watched closed-caption videos quietly. They were not allowed to sleep because
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past research has shown that ASSRs to tones modulated at rates below 70 Hz may be significantly affected by sleep . During the 80-Hz AM stimulus recordings, subjects either watched closed-caption videos quietly or were allowed to sleep. In the masking conditions, the starting masker level began at 20 dB SPL lower than that required for the behavioral threshold for the same condition. This starting noise level was determined from pilot studies that indicated that a lower noise level was required to just mask the signal for the ASSR thresholds compared with the behavioral thresholds. The noise level was adjusted to achieve both "present response" and "no response" to the signal by a 4-dB-down/2-dB-up method. The noise level at which the signal was just masked by the noise was recorded. Two dB below this masker level was set as the threshold of the AM tone in this signal-masker condition. Thresholds in the other two randomized signal-masker conditions were determined in the same way.
After the ASSR thresholds of the reference condition and the two dichotic conditions were determined for the first AM stimulus, the same threshold determination procedures were carried out for the second AM stimulus.
Data Analysis
For each AM stimulus, the ASSR and behavioral BMLDs (in dB) were calculated by subtracting the ASSR and behavioral thresholds of the dichotic conditions (SN o and S o N) from that of the reference condition (S o N o ), respectively. To evaluate the effect of AM rate, behavioral or ASSR mode, and signal/noise polarity inversion on the value of the BMLD, a 3-way repeated-measures analysis of variance (ANOVA) was carried out. The effect of AM rate and signal/noise polarity inversion on the behavioral BMLD was further evaluated by performing a 2-way ANOVA. To determine whether the SN o -ASSR-BMLDs differed from S o N-ASSR-BMLDs, and whether brain stem (80-Hz) ASSR BMLDs differed from cortical (7-or 13-Hz) ASSR BMLDs, t-tests for dependent samples (two-tail) were performed. Finally, the correlation between the behavioral and ASSR BMLDs was evaluated using Pearson product-moment correlation coefficients. Results of statistical tests were considered significant if p Ͻ 0.05.
RESULTS
Behavioral BMLD
The means and standard deviations (SD) of the behavioral masked thresholds of the two AM stimuli in the reference condition (S o N o ) and the two dichotic conditions (SN o and S o N) for the 11 subjects are presented in Table 1 . The means and standard deviations of the behavioral BMLDs are also tabulated. Signal level (60 dB SPL) was constant throughout the experiment, thus thresholds of the masked signal in Table 1 are those masker values (in dB SPL) 2 dB below the masker level that was required to just mask the signal.
For both AM stimuli, the masked threshold in the S o N o condition was higher than that in the SN o and S o N conditions. That is, a large behavioral BMLD (mean ϭ 8.5 to 10.5 dB) was obtained for both MFs when either the signal or the noise was 180°out-of-phase between the ears. For the 7 (or 13)-Hz stimuli, the behavioral BMLD obtained when the signal phase was inverted in one ear is slightly larger than that obtained when the noise phase was inverted in one ear. For the 80-Hz stimuli, however, the behavioral BMLD obtained when the noise phase was inverted in one ear is slightly larger than that obtained when the signal phase was inverted in one ear. The 2-way ANOVA, however, reveals that there is no difference between the behavioral BMLDs for the two dichotic conditions [condition main effect: F(1,10) ϭ 2.66, p ϭ 0.13] or for the two AM frequencies [rate main effect: F(1,10) ϭ 0.02, p ϭ 0.89), with no significant interaction between condition and rate [F(1,10) ϭ 1.68, p ϭ 0.22].
ASSR BMLD
The FFT results (amplitudes) of ASSRs for the four signal-masker conditions are shown for individual subjects in Figures 1 (13 Hz) and 2 (80 Hz). For these subjects, both cortical (13 Hz) and brain stem (80 Hz) ASSRs are seen in the signal-only condition (S o ). At masker levels Ն40 dB SPL, cortical ASSRs were obtained in the SN o condition but not in the S o N o and S o N conditions (Fig. 1) . At masker levels Ն56 dB SPL, brain stem ASSRs were obtained in both the SN o and S o N conditions but not in the S o N o condition (Fig. 2) . Across all subjects in the nonmasked (S o ) condition, mean amplitudes of the 7/13-Hz ASSRs (0.36 Ϯ 0.18 V) are significantly larger (t ϭ 4.56, df ϭ 10, p ϭ 0.001) than those for the 80-Hz ASSRs (0.13 Ϯ 0.05 V). However, as can be seen in Figures 1 and 2 , EEG noise is also higher in the 7/13-Hz compared with 80-Hz ASSR conditions. Thus, in the S o condition, the average ASSR signal-to-noise ratio was slightly, though not significantly (t ϭ Ϫ2.17, df ϭ 10, p ϭ 0.055), lower for the 7/13-Hz versus 80-Hz ASSRs (SNR ϭ 2.43 versus 3.47). The means and standard deviations (11 subjects) of the ASSR masked thresholds of the two AM stimuli in the reference condition and the two dichotic conditions are presented in Table 2 . The cortical ASSRs were masked at lower masker levels compared with brain stem ASSRs or behavioral responses. The BMLD results, also shown in Table  2 , show that the cortical ASSRs (7 or 13 Hz) demonstrated BMLDs, but these were found only when the signal phase was inverted in one ear (SN o ) and not when the noise phase was inverted (S o N). No BMLD was obtained for brain stem ASSRs (80 Hz) when either the signal or noise was inverted in one ear.
Two-tail t-tests for dependent samples were performed to investigate the ASSR BMLDs. When the signal phase is inverted, the cortical ASSR BMLD is significantly larger than the brain stem ASSR BMLD (t ϭ 3.151; df ϭ 10; p ϭ 0.010). However, when the noise phase is inverted, neither ASSR shows a BMLD, thus the cortical ASSR BMLD does not differ significantly from the brain stem ASSR BMLD (t ϭ 0.323; df ϭ 10; p ϭ 0.752). The result of t-test analysis of only the cortical ASSR BMLDs shows that the cortical ASSR BMLD obtained when the signal phase was inverted is significantly larger than that obtained when the noise phase was inverted (t ϭ 2.39; df ϭ 10; p ϭ 0.038).
A 2-way ANOVA reveals that the difference between the ASSR BMLDs for the two dichotic conditions did not quite reach significance [condition main effect: F(1,10) ϭ 3.65, p ϭ 0.09], nor did the interaction between condition and rate [F(1,10) ϭ 
Comparison between Behavioral and ASSR BMLDs
Behavioral and ASSR BMLDs in the various signal-masker conditions are summarized in Table   3 . Results of a 3-way repeated-measures ANOVA are presented in Table 4 . As shown in Tables 3 and  4 , all behavioral BMLD mean values are higher than the ASSR counterparts. That is, the mean behavioral BMLD across the two dichotic conditions for the two MFs (9.3 dB) is significantly larger than the ASSR counterpart (2.3 dB). The rate main effect indicates that the 7 (or 13)-Hz BMLD across both the behavioral and ASSR modes and across both signal and noise polarity inversion (6.3 dB) is significantly larger than the 80-Hz counterpart (5.2 dB); however, considered together with the previous ANOVA and t-test results, the larger BMLD for 7 (or 13)-Hz stimuli occurs only for the ASSR results, and not the behavioral results. Similarly, the significantly larger BMLD obtained when signal polarity is inverted compared with when noise polarity is inverted only occurs for the ASSR results and not the behavioral results (mode X inversion interaction, Table 4 ). The 3-way ANOVA indicates a trend between the effects of AM rate and inversion, such that the 7(or 13 Hz) BMLD is larger than the 80 Hz BMLD when the signal polarity is inverted at one ear but not when the noise polarity is inverted. However, this result is due primarily to the cortical ASSR results. The t-test analysis for the ASSR BMLD presented above demonstrates that the cortical ASSR BMLD does not differ significantly from the brain stem ASSR BMLDs when the noise phase is inverted. Pearson product-moment correlation coefficients were calculated between the behavioral and ASSR BMLDs for the two AM tones. Ranging from Ϫ0.43 to ϩ0.44, these correlations do not demonstrate a significant (p Ͼ 0.05) association between the behavioral and ASSR BMLDs obtained in the present study.
DISCUSSION
Behavioral BMLD
Behavioral BMLDs (mean ϭ 8.5 to 10.5 dB) are present for both modulation rates and for both signal and masker phase changes. No previous study of the behavioral BMLD using AM tones as stimuli is available for comparison with the data found in the present study. However, the behavioral BMLD values found in the present study using AM tones are comparable with the results from past studies using low-frequency pure tones as stimuli (Durlach & Colburn, 1978; Hirsh, 1948; Jeffress et al., 1952; Kohlrausch, 1986 ; for review, see Moore, 1997) . Past studies have indicated that the behavioral BMLD obtained with low-frequency signals and broadband noise is largest for the condition SN o (~15 dB), followed by the BMLD for S o N (~13 dB) (Hirsh, 1948; Moore, 1997) . In the present study, there is no difference in BMLDs for 7 (or 13)-Hz versus 80-Hz AM tone, or for SN o versus S o N.
ASSR BMLD
In contrast to the behavioral results, only the cortical ASSRs (7 or 13 Hz) demonstrate BMLDs, and these are found only when the signal phase is inverted in one ear but not when the noise phase is inverted. No BMLD is obtained for the brain stem ASSRs (80 Hz) when either the signal or noise is inverted in one ear. The mean cortical ASSR BMLD obtained when the signal phase is inverted is 5.8 dB. No previous study on the BMLDs derived by ASSRs is available for comparison with the data found in the present study. However, in a related study, Galambos and Makeig (1992) compared perceptual and 40-Hz ASSR changes in two subjects when masking noise was presented monaurally versus binaurally (same phase between ears). They did not determine BMLD thresholds. With the signal in one ear, subjects reported an increase in the loudness of the signal when the masker was presented binaurally compared with monaurally (a BMLD phenomenon). The 40-Hz ASSR, however, did not change in amplitude. They concluded that the 40-Hz ASSR does not reflect the behavioral BMLD.
Comparison between Behavioral and ASSR BMLDs
The ASSR BMLDs obtained are significantly smaller than the behavioral BMLDs. Whereas the behavioral BMLDs do not differ significantly from one another, a significant effect of AM rate and signal/noise polarity inversion is observed for ASSR BMLDs. Only the cortical ASSRs (7 or 13 Hz) demonstrate BMLDs, and only when the signal phase is inverted in one ear and not when the noise phase is inverted.
The lack of correlation between the behavioral and ASSR BMLDs may indicate no association between the two modes. It is also possible, however, that nonsignificant correlations are obtained in the present study because of the restricted range of BMLDs in this small sample of subjects with normal hearing. A study of subjects with a wider range (including reduced) of behavioral BMLDs might reveal a stronger relationship. (Herdman et al., 2002; Kuwada et al., 2002; Rickards & Clark, 1984; Ross et al., 2000; Suzuki, 2000) . Results of the present experiment are somewhat similar to the pattern of results previously found for the transient ABR, MLR, and slow cortical N1-P2 (Fowler & Mikami, 1992a , 1992b Kevanishvili & Lagidze, 1987) . In those studies, significant BMLDs (10 to 14 dB) were found for the transient cortical N1-P2 response, but not for the MLR or ABR. In the present experiment, no BMLD is obtained for the brain stem ASSRs (80 Hz) (mean ϭ 0.9 dB), but a clear BMLD is obtained for the cortical ASSRs (7 or 13 Hz). This may indicate that the behavioral BMLD is due to auditory processing up to and including the cortical level. Alternatively, it may also suggest that brain processes underlying the behavioral BMLD may occur either in a different pathway (or different neuronal groups) or beyond the brain stem auditory processing reflected by the 80-Hz ASSRs. It is also possible that the BMLD is generated at the brain stem level but is only manifested in the evoked potentials generated above the brain stem.
Results of the present study differ from previous research, however, in that the cortical ASSRs show a BMLD when there is a change of the signal interaural phase (mean ϭ 5.8 dB), but not for a change of the noise interaural phase (mean ϭ 1.5 dB). In the earlier studies, the N1-P2 BMLD was obtained for both signal and noise inversion conditions (Fowler & Mikami, 1992a , 1992b Kevanishvili & Lagidze, 1987) . These results suggest that the cortical ASSRs (7 or 13 Hz) are not directly related to the slow cortical transient N1-P2 responses. That is, the generator of the cortical ASSR is likely different from the generator of the cortical transient N1-P2 responses.
The cortical ASSR appears to reflect different neural processes than the slow cortical transient N1-P2. The positive correlation found previously between the behavioral BMLD and N1-P2 CAEPs (Fowler & Mikami, 1992a , 1992b Kevanishvili & Lagidze, 1987) was not found in the present study between the behavioral BMLD and the cortical ASSR. The cortical ASSR SN o -BMLD (mean ϭ 5.8 dB) is smaller compared with the behavioral counterpart (mean ϭ 9.3 dB) found in the present study and as well as the cortical transient BMLD (10 to 14 dB) reported in previous studies (Fowler & Mikami, 1992a , 1992b Kevanishvili & Lagidze, 1987) , and as indicated above, no cortical ASSR BMLD is obtained for a change in the noise interaural phase. These differences suggest that the ASSR BMLD may reflect processes that are, at least partially, different from those underlying the behavioral BMLD, as well as processes that are different from those represented by the transient slow cortical response. It also may be hypothesized that the generators for the slow cortical transient N1-P2 responses are related to processes underlying the behavioral S o N-BMLD that are not reflected by the cortical ASSR.
Results of the present study suggest that the cortical (7 or 13 Hz) ASSRs may reflect the output of neural populations, which previous research has shown to be sensitive to binaural differences in signal but insensitive to binaural differences in noise (Palmer et al., 1999) . Palmer and colleagues investigated the neuronal discharge of cells within the inferior colliculus of guinea pigs in response to signals in noise with different interaural phase relationships. In the presence of a fully correlated wideband noise (N o ), the overall discharge rate of the neurons was higher for the S tone than for the S o tone. In the presence of a fully correlated signal (S o ), however, the signal was detectable at a lower intensity level in N noise than in N o noise in only 33 out of 62 neurons (Palmer et al., 1999) . That is, about half the number of neurons in the brain stem that Palmer et al. (1999) studied are not sensitive to the detection of the S o signal in the N noise.
In contrast to the cortical ASSR, the cortical transient EPs reflect the behavioral BMLD obtained for both signal and noise phase changes. These results lend support to the hypothesis that, in contrast with signal phase change, binaural information about noise phase change is transmitted by a different neuronal substrate and/or along a different pathway to the cortical level.
Future Studies
Further investigation of the auditory pathways intermediate to the brain stem and cortical levels using the ASSR (e.g., using 40-Hz AM stimuli) may be of value to compare with the transient MLR results. The earlier study by Galambos and Makeig (1992) would suggest that no BMLD would be seen with the 40-Hz ASSR. However, their BMLD study included only two subjects, did not assess the signal versus noise inversion conditions of the present study, and did not determine BMLD thresholds. Further study is thus warranted. Additionally, investigation of the effects of signal versus noise polarity inversion on the middle-latency 40-Hz ASSR BMLD may reveal additional information on the neuronal sensitivity to noise versus signal phase changes along the thalamo-cortical auditory pathways.
The present study investigated BMLD thresholds and did not study ASSR amplitude and phase changes with various signal-masker conditions (e.g., Galambos & Makeig, 1992) . Although amplitude/ phase changes do not necessarily reflect threshold changes, such a technique requires fewer recordings and may reveal new information concerning the ASSR BMLD, the main effects for AM rate and signal versus noise polarity inversion, as well as new information on the interactions between these effects. Unfortunately, the present study was not designed to provide this information.
Finally, expansion of the subject sample size as well as inclusion of subjects with a wider range of BMLDs might reveal a stronger association between the behavioral and ASSR BMLDs.
